In this study, a novel three-dimensional fluffy PPy conductive fibrous scaffold (3D-cFSs) was fabricated by electrospinning technique combined with situ surface polymerization. Chemical compositions, morphology were characterized by fourier transform infrared (FTIR) and scanning electron microscopy (SEM). The results showed that the average diameter of PPy coated PLLA fibers in the 3D-cFSs was 2.086 m, the thickness of PPy nano-layer was ∼45 nm. These PPy coated PLLA fibers were in discrete state, the size of interconnected pores in the 3D-cFSs was from 50 m to 100 m, this unique structure ensured that cells can entry into internal of 3D-cFSs smoothly without any other extra help to achieve three-dimensional cell culture (3D-culture). Rat pheochromocytoma 12 (PC12) cells (as model cell) were cultured in the 3D-cFSs to evaluate its potential application for nerve tissue engineering. The interaction between cell and scaffold was test by detecting the cell proliferation, viability, and morphology. After 3 days culture, the number of PC12 in 3D-cFSs were much higher than that on the conductive fibrous meshes (cFMs) and well developed cell-fibers constructs were observed from fluorescence image and SEM of PC12 in the central of 3D-cFSs. These results showed that the 3D-cFSs provided cell 3D-culture, and improved cell growth. Therefore, we suggest that the 3D-cFSs maybe a suitable scaffold for the nerve tissue engineering as cells substrate to apply electrical stimulation.
INTRODUCTION
Peripheral nerve injuries occur frequently, which affect many people normal life. The disability associated with above-mentioned injuries necessitates the need for therapies to restore the loss of function. Current clinical strategy for the treatment with segmental nerve loss is the use of nerve autografts by removing a piece of non-critical nerve from a secondary site on the body to replace the missing nerve section. However, which has significant drawbacks, such as donor site morbidity, insufficient donor nerve length, mismatch of diameter between donor nerve and recipient site, misaligned endoneurial tubes, and mismatched regenerating axons. 1 In order to eliminate these potential drawbacks, many studies focused on the alternate treatment options. * Author to whom correspondence should be addressed.
Recently, there has been a tremendous efforts to develop new conductive scaffolds providing electrical stimulation (ES) to improve cell-to-cell or cell-to-substrate interactions for increasing the rate of tissue regeneration, 2 3 especially on nerve regeneration. 4 5 Which providing more advantages compared to traditional treatment, such as offering a rational and potentially highly efficient approach to regulate cellular functions and promote various tissue formation both in vitro and in vivo without the addition of otherwise expensive growth factors or potentially harmful endotoxins or chemicals. [6] [7] [8] [9] [10] [11] [12] Particularly, this electrical behavior could be sufficient to regulate neurons and cardiac cells growth and differentiation, and to enhance nerve regeneration. [13] [14] [15] [16] [17] [18] Update, different conductive scaffolds were fabricated using conductive polymers to provide ES for nerve tissue engineering applications. [19] [20] [21] [22] [23] [24] However, these scaffolds only provide a superficially porous in nano-scale to hinder cell infiltration and growth throughout the scaffold, which lead a non-sufficient rate of cells loading and limited potential on tissue engineering. Therefore, it is imperative to develop an innovative strategy capable of fabricating a conductive scaffold with a stable 3D structure, while exhibiting morphologies deep, interconnected pores, and cells can migrate into the inside of scaffold for nerve tissue regeneration. In addition, such scaffold has better mimic the configuration of native extracellular matrix (ECM), which also provides favorable cell adherence and elicits a cellular response positively on influencing the adhesion, proliferation, and neurite extension. [25] [26] [27] [28] [29] [30] In this study, we designed a conductive polymer (PPy) coated 3D PLLA fibrous scaffold for the 3D-culture of nerve cells. Firstly, we fabricated 3D PLLA fibrous scaffold by means of electrospun technique; and then, PPy was coated onto its surface using situ surface polymerization. To obtain appropriate electrical conductivity and a stable 3D structure, the layer of PPy was controlled in nano-scale. PC12 cells (as a model cell) were cultured into 3D-cFSs to detect its biochemical effect in terms of cell proliferation, viability and morphology for 3 days culture, and which was compared to cFMs (as a control) to evaluate its potential on the nerve tissue engineering.
MATERIALS AND METHODS

Material
PLLA was purchased from Daigang Polymer (Jinan, China), Pyrrole (98%) and iron(III) chloride (98%) were purchased from Sigma-Aldrich, with their purity in analytical grade. All chemicals were used as received without further purification.
3D-cFSs Fabrication
3D PLLA fibrous scaffold was fabricated by means of electrospinning technique. Firstly, PLLA was dissolved in dichloromethane (DCM)/N, N -dimethyl-formamide (DMF) (v: v = 9:1) at 6.8 wt%. PLLA solution was fed into a syringe capped with a 0.22 gauge blunt-tipped needle nozzle and driven by a syringe pump (Silugao CO., Beijing, China) at 1.5 mL/h. A voltage of 14 kV was supplied by a High DC power supply (Dongwen High Voltage, China) between the tip of the needle and the collector at a distance of 10 cm. Then the 3D electrospun scaffolds were obtained from the front plane of a special collector, which was crafted by embedding an array of 1.5 cm long stainless steel probes in a spherical foam dish (diameter: 8 cm, shell thickness: 0.125 cm) backed by a stainless steel lining to provide an electrical ground, and the needles were placed at 2 cm intervals radiating from the center of the dish in 6 equidistant directions. The PLLA fibers were allowed to accumulate throughout the electrospinning process to form the 3D PLLA fibrous scaffold and then removed with a plastic rod. Then, PPy was coated on 3D PLLA fibrous scaffold by situ polymerization with FeCl 3 as an oxidant, together with Cl − as a dopant. Briefly, the scaffold was immersed in a 0.04 M aqueous solution of pyrrole. The polymerization of pyrrole and the deposition of PPy coatings on the 3D PLLA fibrous scaffold at room temperature were initiated by the addition of the same volume aqueous solution of FeCl 3 (0.084 M). The mixture was put into ultrasonic cleaning basin (50 KHz, output power 400 W) for 1 h. The 3D PLLA fibrous scaffold changed appearance from white to dark as a result of the coating of the black PPy during the polymerization (the picture of 3D-cFSs as shown Fig. 1) 
Morphology of Different Scaffolds
The morphology of the 3D PLLA fibrous scaffold and 3D-cFSs were obtained by using a Scanning electron microscope (SEM, Hitachi S-3000N), at an acceleration voltage of 20 kV. The average diameter and distribution of nanofibers were measured from the SEM images by measuring the diameters of nanofibers at 100 different points in the 645 × 484 SEM images.
FTIR
The infrared spectra of samples were measured with an attenuated reflectance Fourier Transform (Excalibur FTS-3000) spectrometer. Transmission mode with KBr pellets was used for 3D PLLA fibrous scaffold and 3D-cFSs samples. All spectra were taken in the spectral rang of 4000-500 cm −1 by accumulation of 64 scans and with a resolution of 4 cm −1 .
Cell Culture
3D-cFSs and cFMs were cut into discs with a diameter 3.5 cm by trimming with a sterile razor, then sterilization was performed by soaking the scaffolds into a solution of 70% ethanol and 30% PBS for 12 h, followed by washing several times with PBS, respectively, and placed in 6-well plates.
In an effort to study properties of the 3D-cFSs for nerve tissue applications, PC12 were seeded into the 3D-cFSs, and on the cFMs at the cell density of 1 × 10 6 /cm 2 . Dubelco's Modification of Eagle's Medium (DMEM) media supplemented with 10% heat inactivated horse serum, 5% heated inactivated fetal bovine serum, and 0.5% penicillin/streptomycin was used for PC12 cell culture. Finally, all cultures were incubated in a humidified air/CO 2 incubator (BBD 6220, Thermo scientific, USA) at 37 C and 5% CO 2 . The wells were gently rinsed with prewarmed PBS solution three times and replenished with fresh culture medium at culture time points.
Fluorescence Images and Viability of PC12
Fluorescence images of PC12 were acquired using fluorescence microscope (Olympus LX71 C304, Olympus). Cell nucleus was stained with Hoechst 33258. Cell viability was determined using MTS (Cell Titer 96, Promega, Madison, WI) assays according to a method by Runge.
1 Briefly, after 72 h cultured, trypsin was added to each well, aspirated, dislodged. Media and cells were then transferred to a new well and MTS reagent was added to each well then and incubated for 2h at 37 C. The absorbance was measured at 490 nm on a Molecular Devices spectra max plate reader.
Assessment of Cellular Morphology
Cellular morphology in or on the scaffold was visualized using SEM. The cells were fixed with 3% glutaraldehyde for 24 h and dehydrated using increasing ethanol/water concentrations (25%, 50%, 70%, 80%, 90%, 95% and absolute ethanol for 30 min each), and dried in air overnight. Platinum/palladium was coated on the sample with 10 nm in thickness using a sputter coater.
RESULTS AND DISCUSSION
Morphology of Different Scaffolds
We successfully fabricated fluffy 3D PLLA fibrous scaffold by electrospinning technique as shown in Figure 2(A) . Comparing to the traditional fibrous mesh, the majority of nanofibers in the 3D PLLA fibrous scaffold were in discrete state, few nanofiber occupied the same space, which led to many interconnected pores (∼100 m) appeared in the scaffold, and ensured that cells can migrate into the deep of the scaffold smoothly to achieve cell 3D culture. As shown in the Figure A , the PLLA fibers had a suitable fiber size distribution from 1.6 m to 2.8 m, the average diameter was 1.996 m. To obtain optimal conductivity and supply potential application for nerve tissue engineering, conductive polymer PPy was coated onto the surface of 3D PLLA fibrous scaffold using situ surface polymerization. As shown in the Figure 2 (B), 3D-cFSs appeared quite an intense roughness (granular structures), which was visible with 10-20 nm grains, and had similar 3D structure with 3D PLLA fibrous scaffold. However, the size of pores in 3D-cFSs reduced to 50 m and 100 due to the stretching edge effect happened in the situ surface polymerization. From the Figure 2 (B), we observed that the range of diameter of fibers in 3D-cFSs was from 1.8 m to 2.8 m, and the average diameter was 2.086 m. The thickness of PPy nano-layer was calculated using average diameter values determined by SEM analysis, as follows: Thickness of PPy nano-layer = AD(3D-cFSs)-AD(3D-FSs), AD(3D-cFSs) is average diameter of fibers in 3D-cFSs; AD(3D-FSs) is average diameter of fibers in 3D PLLA fibrous scaffold. Which revealed that a PPy nano-layer of 45 nm as we expected in the beginning to obtain optimal conductivity. These results demonstrated that 3D-hcFSs will allow cells enough room to deeply infiltrate the scaffold, permit cells free migrate into the inside of scaffold without any extra help, and be able to efficiently transport nutrient. To identify the superficial structure of the PPy, we dissolved 3D-cFSs into dichloromethane to remove PLLA and imaged the hollow PPy fibers with TEM. In the TEM image of the hollow PPy fibers (Fig. 3) , it can be seen that uniform nano-layer and a tubular structure were indeed formed after dissolution of the 3D-cFSs with dichloromethane, and the thickness of PPy nano-layer was about 45 nm, which is in accordance with the calculation result of SEM images. In addition, the TEM image also showed that the continuity and ordered structure of sheath were maintained.
Composition Analysis of 3D-cFSs
The polymerization of pyrrole monomer was confirmed by comparing the principal vibrational modes of FTIR spectrum of chemically synthesized PPy. That can be also observed from the infrared analysis presented in the Figure 4 . The characteristic peaks of PPy at the wave numbers of 1550 and 1460 cm −1 were due to the symmetric and the anti symmetric ring-stretching modes, respectively. 31 Bands at 1189 and 908 cm −1 were assigned to the stretching vibration of doped PPy. Furthermore, bands at 1170, 1040 and 1317 cm −1 were attributed to the C-H deformation vibrations and the C-N stretching vibrations, respectively. 32 The peak at about 1732 cm
was assigned to the C O stretching vibration of the carboxylic groups. 33 The positions of the prominent bands in finger print region matched with those reported earlier for polymerized PPy, which indicated the successful synthesis of PPy on the surface of 3D PLLA fibrous scaffold. 
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Fluorescence Images of PC12 Studies
In order to evaluate the cellular response to the 3D-cFSs, PC12 cells were cultured in the 3D-cFSs and on cFMs (as a control) for 72 h. Cell nucleus was stained with Hoechst 33258. As shown in Figure 5 (A), 3D-cFSs displayed much better attachment, growth and more cell retention comparing to that of cells cultured on cFMs (Fig. 5(B) ), and PC12 cells in 3D-hcFSs showed a wide spread and welldeveloped cell-fibers constructs along the single fibers in 3D space, while cells on the cFMs showed that cellcell contacted closely, and there were a number of cells moved together, formed monolayers (Fig. 5(B) ) because the closely intertwined fibers in hcFMs hindered cells migration. The results showed that the 3D structure has a significant effect on PC12 adhesion and growth in the 3D-cFSs.
Cell Morphology Studies
In order to assess the morphology of PC12 cultured in the 3D-cFSs and on the surface of cFMs, the cells were fixed after 72 h of post-seeding. The morphology of PC12 cells were varied by different substrate. The SEM image of the PC12 cultured in 3D-cFSs for 3 days (Fig. 6(A) ) showed that cell exhibited wide-spread growth, a large number of PC12 cells connected to neighboring cells and formed 3D monolayers with extensive cell-cell contact and tight junctions. And the cell adhered to the fibrous scaffold closely and formed cell-fiber constructs, so that it was difficult to distinguish the morphology of single PC12 cell, and only a small amount of fibers appeared in the cell-fibers constructs. While cell attached and spreaded on hcFMs (Fig. 6(B) ) cannot be effectively combined with nanofibers together, although the attached cell on the fibers can be seen. This was due to the random and tightly packed fibers blocked cells migration, which is disadvantageous to the PC12 cells growth and the formation of tissue. These morphologies of PC12 cell were the same to the results confirmed with the testing of fluorescence images Figure 5 .
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A Novel Fluffy Conductive Polypyrrole Nano-Layer Coated PLLA Fibrous Scaffold for Nerve Tissue Engineering These results demonstrated that the structure of 3D-cFSs ensured the cells smooth migration into the scaffold, and could provide 3D culture of PC12.
Cell Viability Studies
PC12 cells were cultured into 3D-cFSs and on the surface of cFMs at a density of 1 × 10 6 cells/cm 2 . Cell attachment and proliferation were characterized by MTS assay at days 1, 2, and 3. The cFMs were used as a positive control. In order to quantify cell numbers with the MTS reagent, the PC12 cells were trypsinized from scaffolds and transferred to a new well. This was necessary because interference due to interactions between the MTS dye or resulting formazan product and the scaffolds results in artificially low absorbance values. 29 This interaction was not unexpected as the MTS dye contained a sulfonate functional group and may coordinate to the positively charged polypyrrole.
29 Figure 7 showed that 3D-cFSs and cFMs enhanced PC12 cell attachment and proliferation. Differences were observed at day 1 for the initial PC12 cell attachment. 3D-cFSs showed notable increase in cell attachment over cFMs. After 2 days cultured, the cell increasing numbers in the 3D-cFSs were slightly more than that on the cFMs. Significant differences could also be seen at day 3 between 3D-cFSs and cFMs, the cell increasing number in the 3D-cFSs were much more compared to on the cFMs. The results of MTS demonstrated that the three-dimensional architectures of 3D-cFSs might offer analogous environments as extracellular matrix, which could benefit positive cellular developmental responses. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In addition, these results were in agreement with recent studies that the conductive PPy surfaces can induce desired cellular responses from specified cell types, such as neuronal cells. 44 Clearly, this unique conductive scaffold would be suitable for nerve tissue engineering applications and provide remarkable improvements in directing neuronal activities.
CONCLUSION
In summary, we developed a simple and versatile method to produce 3D fluffy conductive PPy fibrous scaffold (3D-cFSs) by electrospinning technique combining with situ surface polymerization for PC12 3D culture. The 3D-cFSs showed excellent 3D structure and biocompatibility. MTS assay confirmed that the 3D-cFSs promoted PC12 viability and proliferation compared to cFMs. And PC12 in the 3D-cFSs formed integrated cell-fibers constructs and achieved 3D culture. These results showed that 3D-cFSs provided its potential for the regeneration of injured peripheral and central nerves on nerve tissue engineering.
